An atmospheric GCM coupled to a slab ocean model is used to investigate how temperature and precipitation over South America and Africa affect the annual cycle of the Atlantic ITCZ. The main conclusion of this study is that variations in precipitation and temperature forced by the annual cycle of insolation over the continents are as important as variations in insolation over the ocean and in ocean heat transport convergence in forcing the annual march of the Atlantic ITCZ observed in the control simulation. The processes involved are as follows.
Introduction
This is the third in a series of papers aimed at decomposing the annual cycle of precipitation in the tropical Atlantic sector into its constituent elements. In Biasutti et al. (2003, hereafter BBS1) and Biasutti et al. (2004, hereafter BBS2) we have described a set of atmospheric general circulation model (AGCM) experiments that separate the annual cycle at any given location into "locally" and "remotely" forced components. These papers described how the annual cycle over land influences the annual cycle of the Atlantic ITCZ when SST is fixed, and how the annual cycle of SST influences precipitation over the continents, in equatorial Africa and equatorial South America, and in the Sahel.
Our strategy for identifying the influence of SST on the continental annual cycle of temperature and precipitation and the influence of the continents on the maritime annual cycle of precipitation was to treat the SST and the insolation boundary conditions as independent forcings. So, for example, the influence of SST on the continental climate was inferred from a simulation in which insolation was kept fixed at March value but SST cycled through the observed climatology: in such an experiment, any annual variations of the continental climate must be solely due to the remote influence of the SST. Similarly, the reverse experiment-in which SST was kept fixed at March value but insolation cycled through the observed climatology-illuminated the influence of continental climate on the oceanic climate in an AGCM.
One limitation of our previous work is obvious: the terrestrial influence on the oceanic climate is artificially constrained by the specification of SST. In this study, we couple a slab ocean model (SOM) to the AGCM so that SST can respond to the terrestrial forcing via thermodynamic processes (i.e., in response to changes in surface heat fluxes), albeit not via ocean dynamics. This is still a strong limitation, especially in the equatorial region, where Ekman transport and upwelling force the annual appearance of the equatorial cold tongue. This study will quantify the first-order effect of ocean dynamics in forcing the annual cycle of SST and of the oceanic ITCZ, but will mostly focus on identifying the mechanisms that are important for the development of the annual cycle in the Atlantic in the absence of interactive ocean dynamics. It should primarily be considered another step toward understanding how our fully coupled models work.
Three considerations spur our interest in understanding the mechanisms by which the annual cycle is simulated in an AGCMϩSOM model configuration. First, current coupled general circulation models do a poor job at simulating the climate of the Atlantic without using flux adjustments (Davey et al. 2002) . In order to identify which processes might be responsible for this failure, it is wise to look at a simpler model that can reproduce the annual cycle of the Atlantic climate and identify the mechanisms controlling the annual cycle in this simplified context. That knowledge can then be a starting point for diagnosing the source of error in more complete coupled models. Second, we anticipate that mechanisms important for the annual cycle in the tropical Atlantic are also relevant to interannual variability (Hastenrath 1984) . AGCMϩSOM configurations have been widely and successfully used to simulate the Atlantic interannual variability (e.g., Seager et al. 2001; Saravanan and Chang 1999) , indicating that any insight on the annual cycle gained from the same configuration might be applicable to the interannual variability problem. Third, understanding the first-order response of the tropical Atlantic sector to large changes in external forcing-such as changes in local insolation-can offer guidance in organizing the climate information in the paleo records from the Atlantic Ocean, Africa, and South America into a cohesive picture. This paper is organized as follows: Section 2 introduces the model and details the experimental design. Section 3 describes the response of the ITCZ to a prescribed change in continental convective heating. Section 4 describes the remote influence of the annual cycle in land surface temperature and land precipitation on the seasonal cycle of the maritime ITCZ. Section 5 describes the local response of the ITCZ to the annual cycle of insolation over the ocean and the annual cycle of ocean heat transport convergence. Section 6 summarizes the paper, draws a comparison of the response of the tropical Atlantic to local and remote forcings, and discusses the implications of our results.
Experimental design
We use the Community Climate Model version 3 (CCM3) AGCM at its standard resolution (T42 with 19 vertical levels), coupled in the tropical Atlantic region to a fixed 50-m-depth ocean mixed layer. This configuration allows for thermodynamic atmosphereocean interactions, but no ocean dynamics. A detailed description of the atmospheric model and a comparison of the simulated climate with observations can be found in Kiehl et al. (1998) , Hack et al. (1998) , and other articles in the same special issue of Journal of Climate (1998, vol. 11, no. 6 ). Chang et al. (2000) and BBS1 have looked in more detail at how CCM3 simulates the climate of the tropical Atlantic in the uncoupled configuration. Saravanan and Chang (2000) and Chiang et al. (2003) , each using a configuration similar to the one used in this study, have shown that CCM3 coupled to a slab ocean model simulates the mean state and the variability of the tropical Atlantic climate fairly well.
The effect of ocean dynamics on the annual cycle of SST is parameterized in the SOM by specifying an annually varying heat flux correction (referred to as the Q flux). The Q flux is derived from an uncoupled simulation that used fixed monthly mean observed SST; it is calculated as the difference between the mixed layer heat content tendency and the heat flux provided by the atmosphere (the sum of turbulent surface fluxes and radiative fluxes). The application of the Q flux can be interpreted as the imposition of the ocean heat transport convergence into the oceanic mixed layer, although in reality it also corrects for biases in the atmospheric fluxes. Note that the Q flux is calculated from monthly mean SST tendency and atmospheric fluxes, and this mean value is then linearly interpolated to obtain the instantaneous values used in the integration. This procedure introduces a small additional bias in the simulated climatology.
We couple CCM3 to the SOM only in the tropical Atlantic region and impose climatological SST elsewhere, smoothing the transition over 10°of latitude. This configuration permits us to observe the response of the tropical Atlantic to a forcing over Africa and South America, while at the same time minimizes the influence of the midlatitudes and of other oceans on the tropical Atlantic climate. Tables 1 and 2 give a succint overview of the uncoupled and coupled experiments presented in this paper. A more expansive summary is given in the appendix. Recall that in our effort to decompose the annual cycle of the Atlantic ITCZ into locally forced and re- motely forced processes, we treat the ocean forcings and the land forcings as independent. Accordingly, our simulations are distinguished by independently considering the annual cycle of insolation over land, SST (for the uncoupled simulations), and insolation over the ocean and Q flux (for the coupled simulations).
In most simulations the elevated condensation heating is calculated by the convective parameterization in CCM3. However, in selected simulations (see Tables 1  and 2 and the appendix), we have discarded the condensation heating over Africa and South America calculated by the model and instead prescribed a constant value (obtained from a previous simulation corresponding to either June or March insolation values). By prescribing the continental condensation heating, we decouple continental convection from continental surface temperature and can observe the response of the ocean to each forcing separately.
In the following sections we will show differences between a control simulation, in which insolation and ocean Q flux vary climatologically, and simulations in which the annual cycle has been totally or partially suppressed over either the landmasses or the oceans. For example, the difference between the control simulation and an experiment with perpetual boreal vernal equinox insolation over land (coupled control minus coupled land perpetual vernal equinox, CpldCTLCpldLPVE) shows the ocean response to the annual cycle over land induced by insolation. Similarly, the difference between the control simulation and an experiment with climatological insolation and Q flux but prescribed fixed elevated condensation heating over Africa and South America (coupled control minus coupled perpetual March heating, CpldCTL-CpldPMQ) shows the ocean response to the annual cycle of precipitation over land, in the absence of an annual cycle of land surface temperature.
In the rest of the paper we will briefly reintroduce our experiments and explain how we interpret the differences among them. The reader is directed to Tables  1 and 2 and the appendix for a comprehensive reference to all the experiments and the differences in the applied forcings that distinguish them.
All simulations that have an annual cycle in the forcing were run for at least 12 years; the first 4 years were discarded, and the analysis was conducted on the average of the remaining years. Simulations in which all forcings were kept constant were run for 12 months.
The ITCZ response to a steady continental forcing
When SST is prescribed underneath an AGCM, the response of the simulated oceanic ITCZ to annual changes in insolation over the adjacent continents is a change in intensity, but not in position (BBS1). Sensitivity experiments forced by continental elevated heating (and analyzed in detail in BBS2) suggest that, in uncoupled simulations, continental precipitation modulates the intensity of maritime precipitation. The insolation-induced changes in continental convection drive changes in the stability (temperature) of the free troposphere throughout the tropical Atlantic, and thus affect the intensity of convection; the changes in land surface temperature do not appreciably affect the oceanic precipitation directly (BBS2). What is the response of the ITCZ to continental forcings when we expand our model to include thermodynamic atmosphereocean interactions? What other mechanisms come into play? We approach this question in steps: First, we investigate the response of the Atlantic SST and ITCZ to a steady elevated condensation heating imposed over South America and Africa (this section). Second, we show the maritime response to insolation-induced annual variations in land surface temperature and precipitation over the continents (section 4). Figure 1 shows the forcing applied in all experiments described in this section. The imposed forcing is the difference in condensation heating over South America and Africa between the months of June and March [as simulated by CCM3 in an experiment with prescribed March SST and climatologically varying insolation, denoted in BBS1 by perpetual March SST (PMS)]. Figure  1a shows the horizontal pattern of the heating difference at 500 mb; Fig. 1b shows the vertical profile of the heating difference averaged over South America. Figure 2a shows the oceanic response in precipitation and surface winds to the forcing shown in Fig. 1 in an uncoupled simulation with March SST and insolation conditions (we also performed a similar set of simulations, but with September conditions, which supports the conclusions drawn in this section). Specifically, Figures 2a and 2b show that the surface wind response is more intense near the equator and to the southern edge of the precipitation anomalies. The analysis of sensitivity experiments (not shown) in which the elevated heating is applied only in South Africa or only in South America suggests that the wind anomalies shown in Fig. 2a should be interpreted as mostly due to both the Rossby wave response to African heating and the feedback associated with changes in the ITCZ itself; the wind response to South American heating is small by comparison.
How does the coupling affect the ITCZ response? Figure 2b shows the difference in precipitation and surface winds between the CpldPJQ and CpldPMQ simulations, that is, between coupled AGCMϩSOM simulations in which condensation heating over Africa and South America is prescribed to be fixed at the June and March values, respectively, but otherwise the climate is forced by the annual cycle of insolation and Q flux. Therefore, the difference "CpldPJQ minus CpldPMQ" is due to the difference in the continental condensation heating shown in Fig. 1 , but the coupled simulations have an annual cycle in their basic state. Figure 2b shows the CpldPJQϪCpldPMQ difference during March, to be compared with Fig. 2a .
As in the uncoupled case, when continental precipitation is decreased, the intensity of precipitation in the ITCZ is enhanced (by roughly 20%, when averaged over the whole ITCZ). However, the coupled response is drastically different from the uncoupled response in that, in the coupled case, the ITCZ has shifted 7°north-ward in response to the imposed continental condensation heating anomalies. This suggests that precipitation over the African and South American landmasses has the ability to affect the annual meridional march of the ITCZ.
The northward shift of the ITCZ could have been anticipated in light of the surface wind response in the uncoupled case ( Fig. 2a) : the southeasterly trades to the south of the ITCZ are anomalously strengthened in response to the continental forcing. Stronger winds mean stronger evaporation and latent heat loss from the ocean. When a slab ocean model is coupled to the AGCM, this anomalous latent heat flux cools the SST to the south of the mean ITCZ, establishing a crossequatorial gradient that "pushes" the ITCZ northward. Associated with the SST gradient and the ITCZ shift is an enhanced meridional wind response (cf. Figs. 2b with 2a). The mechanisms by which the surface wind, and thus the surface convergence and the ITCZ, are thought to respond to a meridional SST gradient anomaly have been described, for example, by Lindzen and Nigam (1987) and Hastenrath and Greischar (1993). Very briefly, SST anomalies are communicated by turbulent mixing to the boundary layer, thus creating a low-level anomaly in pressure, wind, and convergence. This model works quite well in regions of strong gradients, but surface winds and convergence are also influenced by the free troposphere and thus feel the effect of the elevated condensational heating released in the ITCZ itself (McGauley et al. 2004; Chiang et al. 2001; BBS2) . Therefore, it is best to think of the SST, the surface wind, and the ITCZ as a coupled system. Note that over the ocean the wind response to the continental elevated heating forcing of Fig. 1 is comprised of two components: the direct response to continental heating (Gill 1980 ), which we expect to be constant, and the response to changes in oceanic precipitation, which we expect to depend on the position of the basic-state ITCZ. It follows that a constant anomaly in continental precipitation does not force a constant precipitation anomaly over the ocean but, rather, a constant meridional displacement of the ITCZ from its basic-state annual cycle.
This can be seen in Fig. 3 , which shows the annual cycle of the CpldPJQϪCpldPMQ anomalies in precipitation, SST, surface winds and heat flux into the surface ocean in the central Atlantic (30°W) as a function of month and latitude. Also shown is the annual cycle of the position of the ITCZ (in this case identified by the confluence line) in both runs. The ITCZ in the CpldPJQ run is always about 7°to the north of that in the CpldPMQ run with the largest displacement of the ITCZ rainfall occurring in boreal spring, the smallest in boreal winter (Fig. 3a) . The ITCZ displacement is associated with a positive anomalous meridional SST gradient and wind anomalies that maximize to the north of the CpldPMQ confluence line (Fig. 3b) ; outside of the region spanned by the annual march of the ITCZ the annual cycle of the anomalies is minimal. A band of strong heat flux anomalies (Fig. 3c ) follows the annual march of the ITCZ. (Note that, although in this model SST anomalies can only be generated by heat flux anomalies, the two fields are not in perfect correspondence. The annual mean of the heat flux anomalies is zero by construction, as we are analyzing the equilibrium state; the equilibrium annual mean SST anomalies need not be-and are not-zero.) Figure 3d shows the CpldPJQϪCpldPMQ anomalies in wind speed squared; because evaporation depends on the square of the wind, the similarity in the patterns in Figs. 3c and 3d suggests that heat flux anomalies can be explained by wind-induced anomalies in evaporation (a larger wind speed means more evaporation and a cooling of the ocean). A decomposition of the total heat flux anomalies confirms that the wind-induced latent heat flux anomalies are the dominant component of the strong heat flux anomalies in the equatorial region, although radiative flux anomalies (not shown) are also nonnegligible. This finding supports our original supposition: the marked annual cycle in the response of SST to a steady continental forcing is due to the fact that wind changes depend on the basic-state ITCZ.
To summarize, a reduction in continental precipitation induces a remote cooling of the free troposphere and a reduction in stability. In the ITCZ, this translates in more active deep convection and larger low-level convergence. The surface wind anomalies (generated in response to both the prescribed elevated heating over land and the precipitation changes in the ITCZ) induce a cooling to the south of the mean ITCZ (Figs. 2a,b) . Finally, SST, surface wind, and oceanic precipitation adjust to each other in an interactive way, establishing the anomalies portrayed in Figs , starting with the Ϯ2 contour, negative contours are dashed, the zero line is omitted, shading denotes anomalies larger than 2 mm day Ϫ1 , and only wind anomalies larger than 1 m s Ϫ1 are plotted. Anomalies over land have been masked out.
anomaly in continental precipitation forces a nearly constant meridional displacement of the ITCZ from its basic-state annual cycle.
The ITCZ response to an annually varying continental forcing a. Response to insolation-induced changes in land surface temperature and precipitation
In this section we present the response of the Atlantic ITCZ to annually varying forcing from the continents. Specifically, we compare two simulations: a control run, with climatologically varying insolation and Q flux, and an experiment in which insolation over land is fixed at the boreal vernal equinox, while insolation over the ocean and the Q flux vary climatologically. The difference between the two simulations is the response to the top-of-the-atmosphere insolation differences shown in Fig. 4 . It can be thought of as the response to the annual cycle of insolation over land.
Before presenting the results of the coupled experiments, we will review the analogous uncoupled experiments (i.e., with prescribed SST). Figures 5a, 5c , 5e, and 5g show the difference between the uncoupled CTL simulation and the uncoupled LPVE simulation (forced with perpetual vernal equinox insolation over land) during March, June, September, and December. Thus, the precipitation anomalies shown in Fig. 5 (left) are forced by the corresponding difference in insolation over land from the equinox value (Fig. 4) and are somewhat modified by soil processes, which hold memory of the forcing from one month to the next (BBS1). Figures 5a, 5c, 5e, and 5g present a companion view of the insolation-induced anomalies that were presented in BBS1 (cf. Fig. 10 of that paper). The left column of Fig.  5 shows that, over land, to zero order precipitation increases with increasing insolation and that, over the ocean, the intensity of the ITCZ is sensitive to conti- nental forcing, but, when SST are prescribed, the location of the ITCZ hardly changes, at the resolution of these simulations. We have suggested in BBS2, and reviewed in section 3, that the changes in ITCZ intensity are a response to the changes in the free troposphere stability that accompany changes in continental precipitation. The concomitant changes in land surface temperature do not have a sizable direct effect on oceanic precipitation in the uncoupled experiment (BBS2).
Figures 5b, 5d, 5f, and 5h show the CpldCTLϪ CpldLPVE difference in precipitation during March, June, September, and December. The forcing is the same as that for the uncoupled case (Fig. 4) , but now SST is allowed to change in response to changes in turbulent and radiative surface heat fluxes. As expected, the precipitation anomalies over land are very similar to those from the uncoupled case (cf. the left and right columns of Fig. 5 ). Over the ocean, the precipitation anomalies are similar to those in the uncoupled case during June, September, and December but show a markedly different pattern during March. In the uncoupled case (Fig. 5a ), the March anomalies show a slightly weakened ITCZ. In the coupled case (Fig. 5b) , the ITCZ is both weakened and shifted farther south in the CpldCTL simulation compared to the CpldLPVE simulation. Figure 6 provides a better description of the influence that the seasonal cycle in insolation over land has on the seasonal cycle over the tropical ocean. It shows the annual cycle of precipitation and SST in the central Atlantic (at 30°W) in the CpldCTL and the CpldLPVE simulation. In the control simulation (Fig. 6a) , the main ITCZ stays north of 5°S and a secondary precipitation center develops during boreal spring at about 10°S. In the CpldLPVE experiment, in which the annual cycle of both temperature and precipitation over the continents is suppressed (Fig. 6b) , the northern ITCZ does not reach as far south, while the southern precipitation develops earlier in the year and is found farther south at about 20°S. We see, by comparing Figs. 6a and 6b , that suppressing the annual cycle over the continents markedly suppresses the annual cycle in the position of the ITCZ.
The mechanisms by which land convective heating can affect the position of the ITCZ have been addressed in section 3. In this section we will focus our description on how continental surface temperatures can affect the ITCZ. We will analyze the CpldCTLCpldLPVE differences, which compound the effect of both land elevated heating and land surface temperature, but the effect of temperature is dominant (cf. section 4b) and can be easily isolated in the analysis. Figure 7 shows the spatial pattern of CpldCTLCpldLPVE surface air temperature (SAT) difference during March over the entire Atlantic sector (over the ocean SAT closely mimics SST). To help locate the precipitation displacement due to continental forcing, we have plotted the zero line in precipitation anomalies from Fig. 5b in Fig. 7 . Again, it is clear that the southward displacement of the ITCZ is associated with an anomalous negative meridional gradient of SST (and hence surface air temperature) near the equator. How is this anomalous gradient established? Figure 8 shows the anomalies in total surface heat flux ( Fig. 8a ) and latent surface heat flux ( 
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Figs. 7 and 8, recall that poleward of 20°the calculated SST is linearly merged with the prescribed SST.) Therefore we next focus on how the latent heat flux anomalies are generated. Figure 9 shows the surface wind and latent heat flux anomalies for each winter month in both the uncoupled and the coupled experiments. We first focus on the coupled results (Fig. 9, right) . During December (Fig.  9b ) the largest surface latent heating anomalies occur west of the Sahara in the northern tropical Atlantic; at and south of the equator the latent heating anomalies are positive and weaker. A linear analysis, following Saravanan and Chang (2000) , indicates that the latent heat flux anomalies are mostly a consequence of wind speed anomalies (latent heat flux anomalies due to changes in air-sea temperature difference are large off the Saharan coast, but increase SST, the opposite of the wind speed effect). The enhanced trades in the northern tropical Atlantic are a consequence of the insolation-induced cold anomalies and high surface pressure over the Sahara (not shown). This conclusion is consistent with our analysis in section 4b below, which suggests that, for understanding the seasonal march of the ITCZ, insolation-driven changes in continental temperature are more important than changes in continental convection.
The December latent heat flux anomalies extend to the equatorial region where they force a negative meridional gradient in SST. In January (Fig. 9d) , northerly cross-equatorial wind anomalies are in place and cause a strengthening of the meridional dipole in latent heat flux anomalies in the equatorial region. By February (Fig. 9f ) the latent heat anomalies off northern Africa have changed sign, while the negative cross-equatorial gradient of SST is maintained, and intensified, by a narrow patch of cross-equatorial wind. A comparison with the uncoupled case (Fig. 9, left) shows that the act of coupling amplifies the cross-equatorial wind and latent heat flux anomalies in the equatorial region (cf. Figs. 9c and 9d and, especially, 9e and 9f). There is a positive feedback between the wind and the SST: the wind-induced latent heat anomalies strengthen the SST gradient, which in turn drives a stronger crossequatorial wind. This wind-evaporation-SST feedback was first introduced in an idealized study of the annual cycle of the ITCZ by Xie and Philander (1994) and later invoked to explain the tropical Atlantic decadal variability (Chang et al. 1997 ). Nevertheless, we note that the latent heat flux anomalies in the uncoupled case (Figs. 9a,c,e) are by themselves sufficient to induce a negative SST gradient at the equator; in this sense, the wind-evaporation-SST feedback, while undoubtedly an integral part of the development and the maintenance in time of the SST gradient and the displacement of the ITCZ in our coupled experiment, is not crucial for either.
A complementary view of the development of the March displacement of the ITCZ is portrayed in Fig. 10 . The top panel shows the annual cycle of the CpldCTLϪCpldPVE anomalies in SAT over the Sahara; these anomalies are directly forced by insolation changes over land. The vertical gray line in Fig. 10a highlights the coldest SAT anomaly during December. (In the other panels of Fig. 10 the left side of the gray bar is December, while the right side extends to the time when the plotted anomalies reach their maximum amplitude; thus the width of the gray bar gives a visual estimate of the response time of each variable.) The cold anomaly in the Sahara produces a high sea level pressure anomaly and easterly wind in the northern tropical Atlantic, strengthening the trades (Fig. 10b ) and cooling the SST by evaporation. The maximum cooling in the northern tropical Atlantic is achieved in February (Fig. 10c) at which time virtually all of the cross-equatorial SST gradient is also established (Fig.  10d) . The ITCZ responds to the SST gradient by shifting south, achieving the largest southward displacement in March (according to the confluence line, Fig. 10e) or April (according to precipitation maximum, Fig. 10f) .
From the above discussion we infer that the timing of the maximum displacement of the ITCZ should be sensitive to the response time of the mixed layer, which in this simple model is just proportional to the mixed layer depth. We have performed a similar set of experiments in which the depth of the mixed layer is reduced to 1 m to make the ocean respond virtually instantaneously to the atmospheric forcing; in that case the maximum ITCZ displacement occurs in December (not shown).
We conclude this section with a caveat. In the above discussion we have disregarded the state of the midlatitudes. Obviously the insolation forcing has a large impact on the temperature of the northern midlatitude continents, and therefore on the midlatitude jets (but not on the midlatitude ocean temperature because those are prescribed in our model configuration). The fact that the changes in tropical SST and precipitation can plausibly be explained in terms of the insolationinduced temperature changes in the Sahara makes us confident that the midlatitude jets play a secondary role at best. Sensitivity experiments are under way in order to verify that this is indeed the case.
b. The relative role of land precipitation and land surface temperature in inducing an ITCZ response
Figures 11a and 11d show the difference CpldCTL Ϫ CpldLPVE in the central Atlantic. As we have seen, the anomalies in SST meridional gradient and surface wind and the displacement of the ITCZ in boreal spring [March-May (MAM)] characterize the remote response over the Atlantic to seasonal changes in TOA insolation over land. Both land surface temperature and land precipitation changes due to the seasonal cycle in land insolation are concurrent with the oceanic anomalies portrayed here.
We can attempt to further decompose the effect of land on oceanic precipitation into the effect of elevated heating from land precipitation and the effect of land surface temperature by comparing the CpldLPVE and CpldPMQ experiments with the coupled control CpldCTL. In the CpldPMQ simulation, land insolation and ocean forcings (insolation and Q flux) cycle through their climatology, whereas the elevated condensation heating associated with precipitation over Africa and South America is kept fixed at March value. Therefore, the difference plots CpldCTL Ϫ CpldPMQ (Figs. 11b,e) show the impact of elevated heating changes over Africa and South America (due to the annual cycle of insolation over land) on the climate of the central Atlantic. To the extent that changes in the midlatitudes climate can be neglected and that the effect of land surface temperature and land convective heating add up linearly, the difference CpldPMQ Ϫ CpldLPVE (Figs. 11c,f) can be thought of as showing the maritime response to land surface temperature in Africa and South America. Figure 11 shows that the CpldCTL Ϫ CpldPVE precipitation and SST differences (Figs. 11a,d ) are the result of large but opposite responses to changes in the elevated heating over the continents and to changes in the surface temperature of the continents, with surface temperature being the dominant forcing (cf. Figs. 11b with 11c and Figs. 11e with 11f) . Land elevated heating induces a basinwide SST dipole anomaly, with a positive anomalous meridional gradient in SST and a northward shift of the ITCZ. Land surface temperature induces a negative anomalous meridional gradient of SST across the latitude of the ITCZ to which corresponds the southward movement of the ITCZ; outside of the 2 Note that the land surface temperature changes do include the changes due to precipitation (and thus cloud cover and soil moisture): the land surface temperature changes are not those that insolation changes would produce in a dry model. We cannot separate out the total effect of continental precipitation changes. What we are attempting to do is to distinguish how much of the remote response to land climate is exerted though the free troposphere (i.e., in response to continental elevated heating) and how much through the boundary layer (i.e., in response to surface temperature). equatorial (ITCZ) region, land surface temperature produces negative anomalies. We remark that the ITCZ is consistently shifted north (south) throughout the year in response to forcing from land elevated heating (surface temperature) that changes sign over the course of the year.
There are two reasons for this. The principal reason is that the forcings have a nonzero annual mean. For example, the CpldLPVE is warmer in the mean than the CpldCTL, which means that the forcing from the CpldCTL Ϫ CpldLPVE land temperature during, say, June does not compensate for that during December (see Fig. 10 ); thus the annual mean response of the ITCZ is biased toward the December value. A secondary reason is that the feedbacks among the SST, the ITCZ, and the surface winds tend to maintain an original displacement of the ITCZ. Note that nonzero annual mean anomalies in SST are produced during the adjustment period (by definition, the annual mean heat fluxes are zero at equilibrium). Thus we cannot diagnose the mechanisms that gave rise to the aforementioned pattern of SST anomalies. Nevertheless, we speculate that the same mechanisms highlighted in sections 3 and 4a should be responsible for bringing the influence of land elevated heating and surface temperature, respectively, to the Atlantic Ocean.
The ITCZ response to annually varying local forcings
In this section we separate the role of the annual cycle in insolation over the ocean and of the annual cycle in the Q flux (representing the ocean heat transport) in generating the annual cycle of the tropical Atlantic ITCZ. We show results from two additional experiments (see Table 2 and the appendix). In the CpldLPVEQflux experiment, the only annually varying forcing is insolation over the ocean; insolation over land is fixed at the vernal equinox value and the Q flux is prescribed to be the annual average of the Q flux from the control integration. In the CpldLOPVE experiment, the Q flux has an annual cycle; insolation is fixed at the vernal equinox value everywhere. Figure 12 shows the annual cycle of precipitation, SST, and surface winds in the CpldLPVEQflux and CpldLOPVE simulations. Compared to the control (Fig. 6a) , the annual cycle in the position of the ITCZ is reduced in both simulations (especially in the CpldLOPVE in which the annual variations derive entirely from the Q flux). In both simulations, the equilibrium state has a year-round ITCZ in the north and a second maximum of precipitation in the southern Tropics that lasts only few months. Thus, these experiments would suggest that, while annual variations in both ocean heat transport and insolation do generate a substantial annual cycle in the intensity of maritime precipitation, they have a weaker effect over the annual meridional march of the ITCZ. Yet, some caution in the interpretation of these results needs to be exercized. One caveat derives from the fact that the annually averaged insolation is different in the two simulations. In particular the northern Tropics receive in the annual mean more insolation in perpetual vernal equinox conditions then they do for climatological insolation. This additional insolation contributes to the pronounced warming at about 7°N seen in Fig. 12d .
A second consideration we wish to emphasize is that the above results are only valid in the context of AGCMϩSOM experiments. While it is appropriate to refer to the Q-flux forcing as a local forcing in the context of AGCMϩSOM experiments, in reality the ocean heat transport that we parameterize with the Q flux is the result of ocean dynamics that is, in principle, the result of both local and remote forcings. Sorting out the cause of annual variations in ocean heat transport requires a dynamical ocean, and cannot be done in our simpler model configuration. Furthermore, the SOM uses a constant, uniform mixed layer depth of 50 m. In the real world, the depth of the mixed layer varies in space and time, introducing another modulation in the response of the ocean to surface fluxes. The depth of the mixed layer is determined by the the strength of the wind and by advective processes in the ocean, and thus depends in a nontrivial way on both local and remote forcings. Finally, although we have interpreted the Q flux as a parameterization of the ocean heat transport convergence, it also corrects for model biases, which might present a nontrivial annual cycle.
Summary and discussion
We have investigated how changes in surface temperature and precipitation over South America and Africa affect the Atlantic ITCZ. We used the Community Climate Model version 3 (CCM3) AGCM, coupled in the tropical Atlantic to a slab ocean model (SOM) of uniform and constant depth. Thus, the tropical Atlantic SST can respond to radiative and turbulent fluxes but not to the dynamical consequences of wind stress. The effect of ocean dynamics is parameterized by a flux correction (referred to as the Q flux).
In this model configuration the climate over the tropical Atlantic Ocean is forced locally by the insolation overhead and the Q flux and remotely by the circulation driven by surface temperature and precipitation over land. We have performed experiments in which these different forcings were applied independently to the CCM3ϩSOM model (see Table 2 for a complete list of the coupled experiments presented in this paper). Comparison of the annual cycle in these experiments provides us with an estimate of how important each forcing is in determining the annual cycle of the Atlantic ITCZ.
The main conclusion of this study is that variations in precipitation and temperature over the continents are as important as variations in insolation over the ocean and in ocean heat transport convergence in forcing the annual march of the Atlantic ITCZ observed in the control simulation.
In sections 4 and 5 we have shown that the simulated control climatology of the Atlantic ITCZ is the result of a balance between the annual variations of local insolation, ocean heat transport, continental surface temperature, and continental precipitation, and that no single forcing is dominant. The annual variations in insolation over the ocean and in ocean heat transport modulate the intensity of precipitation in the tropical Atlantic, both north and south of the equator, but neither is sufficient to force the cross-equatorial migration of the ITCZ seen during boreal spring in the control simulation. In contrast, the annual variations in terrestrial forcings (continental surface temperature and precipitation) affect the position of the ITCZ more than its intensity, with the forcing due to continental precipitation (elevated condensation heating) partially counteracting the dominant effect of the continental surface temperature forcing. Figs. 13i,l) . The length of each vector gives a measure of the amplitude of the annual cycle (more precisely, it represents the amplitude of the annual harmonic of the climatology) at that location, and the direction represents its phase, with an arrow pointing upward indicating a maximum in January, and time progressing clockwise.
A comparison of the annual harmonic of temperature and precipitation in the control run is interesting in its own right: it shows that the largest amplitude in the annual variations of oceanic precipitation in this model is achieved in the western equatorial basin where the annual harmonic of SST is negligible. SST has a much larger annual harmonic in the eastern equatorial region in the Gulf of Guinea. This local "decoupling" of the SST and the ITCZ is even more apparent in the annual harmonic simulated in response to the annual cycle of insolation over land: The ITCZ response is very strong (and strikingly similar to the control annual harmonic in the equatorial region), while the SST response is weak. The remotely forced annual harmonic of the ITCZ is the result of a cancellation between the response to continental precipitation (Fig. 13m) and continental surface temperature (Fig. 13o) . The locally forced annual harmonic in oceanic precipitation (i.e., that forced by insolation over the ocean and by the Q flux) is of the same amplitude of that forced remotely (cf. Figs. 13c and 13e ) and is the result of partial cancellation between the effect of the insolation and the Q flux (cf. Figs. 13g and 13i) .
The annual harmonic of SST appears to be mainly a response to local insolation, although variations in Q flux are also important, especially in the Gulf of Guinea. At first glance, this result seems at odds with Carton and Zhou (1997) , who conclude that insolation had little effect between 5°S and 10°N. That they came to a different conclusion may simply be due to the differences in the experimental design. Carton and Zhou (1997) use an uncoupled ocean model, which they drive with either the annual cycle or the annual mean of the observed surface heat fluxes and winds. Thus, their experiment can only capture the uncoupled response of SST to the annual cycle of insolation. However, in the equatorial Atlantic wind, precipitation, and SST are governed by strongly coupled dynamics.
Our conclusion about the role of ocean heat transport in determining the annual cycle of SST agrees with that of Carton and Zhou (1997) qualitatively, but not quantitatively. This might be a consequence of the fact that in our Q-flux-only experiment there are significant changes to the surface wind-and thus surface heat flux-due to atmosphere-ocean coupling. Moreover, extrapolating our conclusion on the relative role of annual variations in the Q flux in generating the annual cycle of SST to the role of ocean dynamics is probably not warranted: the Q flux also corrects for the choice of a uniform constant mixed layer depth, and is contaminated by biases in the atmospheric fluxes.
In regard to the Q flux we also note that, in this model configuration, the Q flux can be interpreted as a local forcing, but in reality the ocean heat transport convergence contains the effect of horizontal advection by ocean currents, upwelling, and the deepening and shoaling of the mixed layer depth. Thus, it is the product of local and remote forcings alike. In particular, Mitchell and Wallace (1992) in an observational study and Li and Philander (1997) in a modeling study have suggested that the southerly wind in the (land driven) African monsoon is the main driver for the dynamics of the Atlantic cold tongue. A recognition of the total effect of the continents on the oceanic climate requires the use of a dynamical ocean model and is beyond the scope of this study.
We conclude with a brief remark on the implications of this study. We have shown that variations in the African climate easily trigger a coupled response in the surface wind, the ITCZ, and the cross-equatorial SST gradient in the tropical Atlantic, whose net effect is the meridional displacement of the ITCZ. Thus, good simulation of tropical Atlantic climate in interactive oceanatmosphere models will need good representation of processes over the neighboring continents and their connections to the oceanic sector.
As an interesting aside, we not that our results on the influence of the Sahara on the Atlantic suggest that paleoclimate changes like the mid-Holocene greening of the Sahara (with the accompanying changes in surface temperature and precipitation) should be traceable in paleo records of the ITCZ position in the equatorial Atlantic. Furthermore, our results suggest that-insofar as the mechanisms responsible for interannual variability are indeed similar to those responsible for the annual cycle as it has been claimed (Hastenrath 1984 similar, but not identical, to March conditions in CTL and PMS.
• PMJQ: This simulation is a perpetual March, like PM, but Q is prescribed to its June value. In short, PMJQ is PM with heating added as in Fig. 1. • LPVE: The land perpetual vernal equinox simulation has 21 March TOA insolation over land and climatological TOA insolation over the ocean. Because the SST is prescribed, LPVE is virtually identical to PVE in BBS1 in which insolation is fixed over both the land and the ocean. Because the precipitation over land is largely determined by insolation, the condensational heating over land is very similar in LPVE, PM, and March conditions in CTL.
b. Coupled simulations
• CpldCTL: The control simulation is run with prescribed annual cycle of TOA insolation and annual cycle of Q flux. (The Q flux, that is, the flux correction required by the slab ocean model to reproduce the observed SST climatology, is determined using the surface heat fluxes from CTL.) • CpldPMQ: The perpetual March heating is like CpldCTL, but Q is prescribed to its March value (from PMS).
• CpldPJQ: The perpetual June Q is like CpldCTL but with prescribed June Q. In short, CpldPJQ is CpldPMQ with added heating as in Fig. 1. • CpldLPVE: The coupled land perpetual vernal equinox simulation has 21 March TOA insolation over land and climatological insolation and Q-flux forcing the ocean. To the extent that precipitation over land is largely determined by insolation, the condensational heating over land corresponds to March conditions.
• CpldLPVEQflux: This has 21 March TOA insolation over land, climatological insolation over the ocean, and annual-mean Q flux. To the extent that precipitation over land is largely determined by insolation, the condensational heating over land corresponds to March conditions. • CpldLOPVE: This is forced by 21 March TOA insolation everywhere, over both land and ocean, and by the annual cycle of the Q flux. To the extent that precipitation over land is largely determined by insolation, the condensational heating over land corresponds to March conditions.
